Under current clamp, ML-133 caused the depolarization of isolated ICC and also that of cells impaled with microelectrodes in intact muscle strips. These findings show that ICC, when isolated freshly from colonic muscles, expressed a Ba 2+ -sensitive, inwardly rectifying K + conductance. This conductance is most probably a result of the expression of multiple Kir2 family paralogues, and the inwardly rectifying conductance contributes to the regulation of resting potentials and excitability of colonic muscles.
r Interstitial cells of Cajal (ICC) from murine colonic muscles express genes encoding inwardly rectifying K + channels. Transcripts of Kcnj2 (Kir2.1), Kcnj4 (Kir2.3), Kcnj14 (Kir2.4), Kcnj5 (Kir3.4), Kcnj8 (Kir 6.1) and Kcnj11 (Kir6.2) were found in colonic ICC.
r A conductance with properties consistent with Kir2 channels was observed in ICC but not in smooth muscle cells (SMC).
r Despite expression of gene transcripts, G-protein gated K + channel (Kir3) and K ATP (Kir6) currents were not resolved in ICC. K ATP is a conductance prominent in SMC.
r Kir2 antagonist caused depolarization of freshly dispersed ICC and colonic smooth muscles, suggesting that this conductance is active under resting conditions in colonic muscles. r The conclusion of the present study is that ICC express the Ba 2+ -sensitive, inwardly rectifying K + conductance in colonic muscles. This conductance is most probably a result of heterotetramers of Kir2 gene products, with this regulating resting potentials and the excitability of colonic muscles.
Abstract Membrane potentials of gastrointestinal muscles are important because voltagedependent Ca 2+ channels in smooth muscle cells (SMC) provide the Ca 2+ that triggers contraction. Regulation of membrane potential is complicated because SMC are electrically coupled to interstitial cells of Cajal (ICC) and PDGFRα + cells. Activation of conductances in any of these cells affects the excitability of the syncytium. We explored the role of inward rectifier K + conductances in colonic ICC that might contribute to regulation of membrane potential. ICC expressed Kcnj2 (Kir2.1), Kcnj4 (Kir2.3), Kcnj14 (Kir2.4), Kcnj5 (Kir3.4), Kcnj8 (Kir 6.1) and Kcnj11 (Kir6.2). Voltage clamp experiments showed activation of inward current when extracellular K + ([K + ] o ) was increased. The current was inwardly rectifying and inhibited by Ba 2+ (10 μM) and ML-133 (10 μM). A similar current was not available in SMC. The current activated in ICC by elevated [K + ] o was not affected by Tertiapin-Q. Gβγ, when dialysed into cells, failed to activate a unique, Tertiapin-Q-sensitive conductance. Freshly dispersed ICC showed no evidence of functional K ATP . Pinacidil failed to activate current and the inward current activated by elevated [K + ] o was insensitive to glibenclamide. Under current clamp, ML-133 caused the depolarization of isolated ICC and also that of cells impaled with microelectrodes in intact muscle strips. These findings show that ICC, when isolated freshly from colonic muscles, expressed a Ba 2+ -sensitive, inwardly rectifying K + conductance. This conductance is most probably a result of the expression of multiple Kir2 family paralogues, and the inwardly rectifying conductance contributes to the regulation of resting potentials and excitability of colonic muscles. 
Introduction
Kir channels are expressed in a variety of cells, including cardiac myocytes (McAllister & Noble, 1966; Beeler & Reuter, 1970; Kurachi, 1985) , neurons (North et al. 1987; Lacey et al. 1988; Brown, 1990; Brown et al. 1990 ), epithelial cells (Greger et al. 1990; Hebert et al. 2005) and oocytes (Hagiwara & Takahashi, 1974; Hagiwara et al. 1978) . Kir family genes encode three major types of conductances: (i) typical inwardly rectifying K + channels (Kir2); (ii) G-protein gated K + channels (GIRK); and (iii) ATP-sensitive K + channels (K ATP ). Classical Kir channels (Kir2.x) are constitutively active, G proteingated Kir channels (Kir3.x) are regulated through binding and activation of G protein-coupled receptors, and K ATP channels (Kir6.x) are tightly linked to cell metabolism. Common blockers for Kir channels are Ba 2+ and Cs + ; however, the sensitivity to Ba 2+ varies among different Kir channels (Schram et al. 2002; Hibino et al. 2010) . More specific blockers have become available for some Kir channels (Hille & Schwarz, 1978; French & Shoukimas, 1985; Oliver et al. 1998) . For example, a small molecule, ML133 (CID-781301), has been used as a specific antagonist for Kir2.x family channels. This compound has submicromolar potency in vitro electrophysiological studies (Wang et al. 2011) . Tertiapin, a toxin found in honey bee venom, is an antagonist of GIRK (Jin & Lu, 1999) and has little or no effect on K ATP or Kir2 currents (Kitamura et al. 2000; Dobrev et al. 2005) . The drugs used for examining the functions of K ATP channels are glibenclamide (GBC), an antagonist (Gribble & Reimann, 2003) , and an array of K ATP agonists (Ashcroft & Gribble, 2000) .
A role for Kir2 channels in regulating membrane potential and smooth muscle excitability has been suggested from studies of canine colonic muscles in which Ba 2+ (1-100 μM) depolarized circular smooth muscles (Flynn et al. 1999) . When the submucosal and myenteric pacemaker regions were removed surgically, higher concentrations of Ba 2+ were required to depolarize the circular muscle, suggesting that specific types of cells found in specific regions of the muscles may express the Ba 2+ sensitive conductance(s). Small amplitude, Ba 2+ sensitive, whole-cell currents were recorded from cells considered to be interstitial cells of Cajal (ICC) and a Ba 2+ -sensitive, inwardly rectifying K + current was also found in cultured ICC (Koh et al. 1998b) . Other studies showed that Ba 2+ (50-500 μM) depolarized human gastric corpus smooth muscles (HGCM), although Ba 2+ -sensitive currents were not found in freshly dispersed smooth muscle cells (SMC) from HGCM (Lee et al. 2015) . These observations might suggest that the Ba 2+ -sensitive conductance could be expressed in another type of cell that is electrically coupled to SMC. Kir3 channels have not been studied extensively in GI muscles; however, a study of canine SMC from colon, duodenum, jejunum and ileum reported the expression of Kir3.1 and Kir3.2 (Bradley et al. 2000) . Such a conductance might provide a negative feedback mechanism for reducing the depolarization responses to muscarinic stimulation and helping to facilitate the phasic nature of contractions in rhythmic regions of the GI smooth muscles.
K ATP channels are known to be expressed and functional in GI smooth muscles. For example, murine colonic SMC express a 27pS K + channel that is activated by K ATP agonists in on-cell patch recordings and by ADP application in excised patches. RT-PCR demonstrated the presence of Kir 6.2 and SUR2B transcripts in colonic SMC (Koh et al. 1998a) . Cultured ICC have also been reported to express K ATP channels that are encoded by Kir6.1 and SUR2B in colon cells and Kir6.2 and SUR2B in small intestine cells (Na et al. 2017) . In the study by Na et al. (2017) , K + channel agonists hyperpolarized cultured colonic ICC and a K ATP channel antagonist (GBC) reversed the hyperpolarization. By itself, GBC depolarized cells and increased the pacemaker frequency in cultured ICC. It was concluded that K ATP channels are activated in colonic ICC and play an important role in maintaining the resting membrane potential (RMP).
The excitability of the responsiveness of GI smooth muscles is determined in part by their electrical coupling to interstitial cells (ICC and PDGFRα + cells). Together, these cells form an electrical network called the SIP syncytium (Sanders et al. 2012a) . Conductances activated in one SIP cell can influence the behaviour and excitability of the other cells. Although previous studies have suggested a functional role for Kir channels in GI motor activity, these studies have not clearly identified the cells that manifest functional Kir because (i) previous molecular evaluation has characterized expression of Kir transcripts in whole muscles or cultured cells but not in freshly dispersed cells; (ii) pharmacological characterization of Kir currents was performed on an ex-plant culture where effects on specific types of cells could not be determined unequivocally; and (iii) the cell phenotype can change in culture and does not recapitulate the native phenotype with fidelity. In the present study, we investigated the expression of Kir in ICC purified by fluorescence-activated cell sorting (FACS), aiming to confirm functional channel proteins by performing patch clamp experiments on freshly dispersed ICC. Our findings confirm the role of Kir in ICC and also in regulating the membrane potentials of these cells and the SIP syncytium.
Methods

Ethical approval
All procedures complied with the policies and regulations of The Journal of Physiology (Grundy, 2015) and the rules of the Institutional Animal Use and Care Committee at the University of Nevada, Reno. The investigators understand the ethical principles under which The Journal of Physiology operates and our work complies with its animal ethics checklist.
Animals
C57BL/6 (Adult), smMHC/Cre/eGFP (Adult) and Kit copGFP/+ (4-6 weeks old) mice were used for these experiments. Animals were killed by cervical dislocation after being anaesthetized with isoflurane and the whole colons were removed.
Cell isolation
ICC were isolated by enzymatic dispersion from Kit copGFP/+ mice (Zhu et al. 2009 ). The entire colon was removed from animals, pinned to the bottom of a sylgardcoated dish and opened along the longitudinal axis. The mucosa was removed and the tunica muscularis was cut into small pieces and equilibrated in Ca 2+ -free Hank's solution for 20 min containing (mM): 125 NaCl, 5.36 KCl, 15.5 NaHCO 3 , 0.336 Na 2 HPO 4 , 0.44 K 2 HPO 4 , 10 glucose, 2.9 sucrose and 11 Hepes (pH was adjusted to 7.2 with NaOH). Muscle pieces were incubated at 37°C in Ca 2+ -free Hank's solution containing: collagenase type II (5 mg mL −1 ; Worthington Biochemical Corp., Lakewood, NJ, USA), bovine serum albumin (8 mg mL −1 ; Sigma, St Louis, MO, USA) and trypsin inhibitor (8 mg mL −1 ; Sigma) for 50 min. Liberated cells were placed on sterile glass coverslips coated with murine collagen (2.5 mg mL −1 ; BD Biosciences, San Jose, CA, USA) in 35 mm culture dishes. Then, the cells were incubated in smooth muscle growth medium (Clonetics, San Diego, CA, USA) supplemented with 2% antibiotic-antimycotic (Gibco, Grand Island, NY, USA) and stem cell factor (5 ng mL −1 ; Sigma) at 37°C with 95% O 2 /5% CO 2 for 1.5 h.
SMC were isolated from C57BL/6 and smMHC/Cre/ eGFP mice. Muscle strips were incubated at 37°C in Ca 2+ -free Hank's solution containing: collagenase type II (5 mg mL −1 ; Worthington), bovine serum albumin (8 mg mL −1 ; Sigma), trypsin inhibitor (8 mg mL −1 ; Sigma), papain (0.04 mg ml −1 ) and L-dithiothreitol (0.04 mg ml −1 ) for 25 min. Dispersed cells were maintained in Ca 2+ -free solution at 4°C before use. Several drops of the cell suspension were placed on the bottom of a 238 μL chamber on the stage of an inverted microscope (TE2000-S; Nikon, Tokyo, Japan) and left for 10 min to allow the cells to adhere to the bottom of the chamber.
Cell purification, RNA isolation, RT-PCR and quantitative PCR
ICC and eGFP/SMCs were purified by FACS [BD FACSAria (BD Biosciences) using the blue laser (488 nm) and the GFP emission detector (530 nm/30 nm)].
Total RNA was isolated from ICC and SMC using Direct-zol RNA miniPrep Kit (Zymo Research, Irvine, CA, USA) and first-strand cDNA was synthesized using qScript cDNA SuperMix (Quanta, Gaithersburg, MD, USA) in accordance with the manufacturer's instructions. End-point PCR was performed with specific primers (Table 1) using Go-Taq Green Master Mix (Promega Corp., Madison, WI, USA). PCR products were run on 2% agarose gels and visualized by ethidium bromide. Quantitative PCR was performed in accordance with the standard curve method described by Bookout et al. (2005) with the same primers as PCR and fast SYBR Green Master Mix (Life Technologies, Grand Island, NY, USA) on the 7900HT Fast Real Time PCR System (Life Technologies). In short, regression analysis of mean values of duplicate samples for the diluted cDNA was used to generate standard curves. This gave transcriptional quantification of each gene relative to the endogenous glyceraldehyde 3-phosphate dehydrogenase (Gapdh) standard after log transformation of the corresponding raw data.
Patch clamp experiments
ICC were identified by expression of copGFP using an inverted fluorescence microscope (TE2000-S; Nikon). Conventional whole-cell voltage clamp techniques were used to record membrane currents from single cells. Currents were amplified with an Axopatch 200B patch clamp amplifier (Axon Instruments, Union City, CA, USA), digitized with a 16-bit analog to digital converter (Digidata 1322A; Axon Instruments) and stored directly online using pCLAMP, version 9.2 (Axon Instruments). Data were analysed using clampfit (pCLAMP version 9.2; Axon Instruments) and Prism, version 3.0 (Graphpad Software, San Diego, CA, USA) software. The pipette tip had a resistance of 3-5 M for ICC and 1-3 M for SMC, respectively and the recordings were performed at 30°C. The external solution for whole cell recordings was Mn 2+ -containing physiological salt solution containing (mM): 135 NaCl, 5 KCl, 2 MnCl 2 , 1.2 MgCl 2 , 10 glucose and 10 Hepes (pH was adjusted to 7.4 with Tris). To increase the driving force for K + influx, 135 mM NaCl in the external solution was replaced by 130 mM KCl and 5 mM sucrose (135 mM HK solution). The pipette solution contained (in mM): 135 KCl, 10 BAPTA, 10 Hepes, 0.1 NaGTP, 3 MgATP, 2.5 creatine phosphate disodium and 10 glucose (pH was adjusted with Tris to 7.2). To record K ATP currents, the pipette solution without MgATP was used.
Drugs
ML-133, Tertiapin-Q and GBC were purchased from Tocris (Ellisville, MO, USA), Pinacidil was purchased from Sigma and G-Protein βγ Binding Peptide, mSIRK was purchased from EMD Millipore (Billerica, MA, 
Statistical analysis
Data are expressed as the mean ± SE and Student's paired t test was used to evaluate two data sets. P < 0.05 was considered statistically significant.
Results
Transcriptional expression of inwardly rectifying potassium channels in murine colonic SMC and ICC
Expression of Kir genes in colonic cells was compared by quantitative PCR of sorted SMC and ICC (by FACS)
with unsorted cells representing all of the cells dispersed from the tunica muscularis. Purification of sorted SMC and ICC was checked with respect to the abundance of cell-specific markers: Myh11 and Kit, respectively ( Fig. 1A-C) . Expression of transcripts for Kir2 and Kir3 genes was undetectable in SMC (Fig. 1B) . However, transcripts for Kcnj2, Kcnj4, Kcnj14 and Kcnj5 corresponding to Kir 2.1, Kir 2.3, Kir 2.4 and Kir 3.4 were expressed at levels above the unsorted cells in ICC (Fig. 1D) .
Effects of various concentrations of external K + on Kir currents in ICC
The whole-cell voltage clamp technique was used to investigate functional expression of Kir currents in ICC. Cells were dialysed by K + -rich solution (see Methods) and held at −80 mV. Ramp depolarizations from −140 mV to +40 mV were used to measure reversal potentials (Fig. 2B We tested the effects of Ba 2+ and ML-133, commonly used blockers of Kir2 channels (Hagiwara et al. 1978; French & Shoukimas, 1985; Hibino et al. 2010) (Fig. 3) . Ramp depolarizations from −140 mV to +40 mV (Fig. 3B , inset) evoked inward currents at negative potentials. These currents reversed at −4 ± 2.1 mV (Fig. 3B) Fig. 3Ba and Bb). Ba 2+ (10 μM) reduced HK current to 11 ± 0.9 pA/pF (n = 6, P < 0.05 compared to the control current in (Fig. 3C ). Subtracted currents still showed inward rectification (Fig. 3Bc and Bd). Ba 2+ (100 μM) decreased HK (135 mM) currents from 29 ± 7 pA/pF to 6 ± 2.4 pA/pF at −80 mV (n = 5, P < 0.01) (Fig. 4) . HK currents evoked by ramp depolarization (Fig. 4Ba and Bb) were also inhibited by Ba 2+ (100 μM) (Fig. 4Bc and Bd). The Ba 2+ -sensitive currents were inwardly rectifying ( Fig. 4Bb-Bc) .
Ba 2+ is not a specific blocker for Kir2 current and so we also tested ML-133, which is a more specific blocker of Kir2 channels (Wang et al. 2011) . Concentrations of ML-133 used to block Kir2 range from 10 to 30 μM Sonkusare et al. 2016) . In our experiments, ML-133 (10 μM) significantly inhibited the HK currents in ICC (Fig. 5A and B) . ML-133 decreased HK current density to 19.7 ± 6.4% of control at −80 mV (n = 8, P < 0.05) (Fig. 5C ). The ML-133-sensitive currents were inwardly rectifying, suggesting that a Kir2 conductance is functional in colonic ICC.
Effects of Ba 2+ and ML-133 on Kir currents in SMC
We resolved negligible levels of Kir2 (Kcnj2, Kcnj4 and Kcnj14) transcripts in sorted SMC. However, we also tested the effects of Kir2 blockers on HK currents in SMC. Using the dialysed whole-cell configuration, elevating [K + ] o induced small inward current (1.1 ± 0.3 pA/pF, n = 6) at a holding potential of −80 mV. Ramp depolarization from −140 mV to 40 mV showed that the HK current reversed at −36 ± 5 mV. Ba 2+ (10 μM) did not inhibit HK current (n = 6) ( Fig. 6A and B) . The bell-shape I-V relationship by HK exposure is a result of activation and inactivation of A-type delayed rectifier currents. ML-133 (10 μM) did not significantly inhibit the inward currents from 1.1 ± 0.3 pA/pF to 0.9 ± 0.2 pA/pF (n = 6, P > 0.05) ( Fig. 6C and D) . These data suggest that functional expression of Kir2 in SMC is negligible.
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Effects of G-βγ and Tertiapin-Q on Kir currents in ICC
Kcnj5 transcripts were also expressed in ICC (Fig. 1D ). Kir3 channels (GIRK) are G-protein gated potassium channels activated by G-protein βγ subunits (Logothetis et al. 1987; Ito et al. 1992; Hibino et al. 2010) . We (Fig. 7A) . Tertiapin-Q (500 μM), a blocker of GIRK (Jin & Lu, 1999; Kitamura et al. 2000; Dobrev et al. 2005) holding currents (Fig. 7A) or inwardly rectifying currents in response to ramp potentials (Fig. 7B) . Averaged current densities were 24.6 ± 5.2 pA/pF and 25.0 ± 5.2 pA/pF before and after the administration of Tertiapin-Q (n = 7, P > 0.05) (Fig. 7C) .
A Responses to ramp potentials
Effects of GBC and pinacidil on Kir currents in ICC
Another candidate for Kir currents is K ATP channels. Molecular and functional evidence for a conductance with properties of K ATP was previously reported in freshly dispersed colonic SMC (Koh et al. 1998a ) and cultured colonic ICC (Na et al. 2017) . In the present study, we found transcripts of Kcnj8 and Kcnj11 in ICC. Transcripts for Kcnj8 were found at higher levels than in unsorted cells (Fig. 8A) induced inward currents (26 ± 8.5 pA/pF); however, the K ATP blocker, GBC (10 μM), had no effect on the HK currents (26 ± 8.6 pA/pF, n = 7) (Fig. 8B ). These data suggest that K ATP channels are not basally active in
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Ramp Potentials
Ramp Potentials . The downward jog in the current trace is a result of A-type delayed rectifier currents in these cells (Koh et al. 1999a (Koh et al. , 1999b and this current was slightly but not significantly inhibited by ML-133. D, responses to ramp potentials (from C) shown at expanded time scales before (a) and after (b) ML-133 (10 μM). b-a shows negligible ML-133 sensitive current.
freshly dispersed ICC. We tested the effect of pinacidil, a K ATP agonist. Pinacidil (10 μM) failed to activate inward currents at −80 mV and GBC did not reduce inward current significantly in the presence of pinacidil (n = 6) (Fig. 8C ). These data demonstrate that colonic ICC do not have functional expression of K ATP channels.
Effects of ML-133 on RMP in ICC and colonic smooth muscles
Lastly, we examined the role of Kir2 conductance on the RMP in ICC and intact colonic smooth muscles. We used the current clamp mode of patch clamp recording for isolated ICC and membrane potentials were recorded with intracellular microelectrodes from cells in intact colonic muscles. In the current clamp (I = 0, no current injection) experiments, the average RMP of ICC was −53 ± 2 mV. ML-133 (30 μM) depolarized ICC to −38 ± 2 mV (n = 6,
Responses to ramp potentials P < 0.05) (Fig. 9A and B) . Cells impaled in intact muscles were also depolarized by ML-133 (10 μM and 30 μM) from an average RMP of -54 ± 0.9 mV in control to −48 ± 0.4 mV (10 μM) and −44 ± 0.9 mV (30 μM) after the addition of ML-133 (n = 5; P < 0.05) (Fig. 9C and D) .
Discussion
In the present study, ICC dispersed from murine colonic muscles were purified by FACS and quantitative PCR was performed to determine the expression of Kir family genes. Colonic ICC expressed several paralogues of Kir genes; however, functional studies showed that only conductances with properties of Kir2 family gene products are manifest in ICC. Evidence for the presence of Kir3 (GIRK) or Kir6 (K ATP ) conductances was not observed. This is a curious finding because transcripts of Kcnj5 (Kir3.4), Kcnj8 (Kir6.1) and Kcnj11 (Kir6.2) were all elevated in ICC relative to the unsorted cell samples, suggesting an upregulation of expression in ICC. However, it appears that transcripts are not processed to produce Glibenclamide (GBC)
Figure 8. Expression of Kir6 and effects of K ATP agonist and antagonist on Kir currents in ICC A, Kcnj8 but not Kcnj11 were expressed in sorted SMC (left). Kcnj8 and Kcnj11 found in ICC and transcript levels were higher in comparison to unsorted cells (right). B, elevated [K + ] o (135 mM) activated inward current at −80 mV. GBC (10 μM) had no effect on the inward current activated by elevated [K + ] o (left). Summarized data showing no significant difference in the current densities before and after GBC (n = 7, right). C, pinacidil (PNC) (10 μM) had no effect on the inward current activated by elevated [K + ] o . GBC, added after PNC, did not decrease the inward current activated by elevated [K + ] o (right; n = 6; P > 0.05).
functional channels in the plasma membranes of ICC. Our findings suggest that Kir2 channels provide important contributions to setting the membrane potentials of ICC. These cells are part of a more complex syncytium (SIP syncytium) composed of interstitial cells and SMC in GI muscles (Sanders et al. 2012a) . As a result of the electrical coupling between cells, the contributions of Kir2 in ICC influence membrane potential (Fig. 9 ) and therefore the excitability of the other cells in the SIP syncytium. RMPs of colonic muscles (−50 mV) are considerably less negative than the K + equilibrium potential (E K −80 mV) (Koh et al. 2012) . RMP is controlled by the balance of inward and outward conductances and many conductances probably contribute to the net RMP in colonic smooth muscles. RMPs of GI muscles are further complicated by the fact that the contributing conductances are expressed in the three types of cells electrically coupled in the SIP syncytium (SMC, ICC and PDGFRα + cells). SMC can experience outward currents as a result of delayed rectifiers and large conductance Ca 2+ -activated K + channels (BK) (Koh et al. 2012 ) that generate spontaneous transient outward currents (STOCs) (Bayguinov et al. 2001) . However, under resting conditions, currents from delayed rectifiers and STOC activity are minimal in colonic SMC as a result of the RMP. PDGFRα + cells express SK3 channels that can also generate STOCs and contribute to the RMPs of colonic smooth muscles (Kurahashi et al. current clamp (l=0, ICC) RMP in ICC RMP in tissue colon smooth muscle 2012; Kurahashi et al. 2014) . By contrast, ICC display large amplitude spontaneous transient inward currents (STICs) resulting from the activation of Ca 2+ -activated Cl − conductance (Sanders et al. 2012b) . STICs generate spontaneous transient depolarizations that can provide a depolarizing influence on colonic smooth muscles. However, the removal of ICC in GI smooth muscle induced depolarization (Ordog et al. 1999; Beckett et al. 2007) , suggesting that ICC provide a K + conductance that is activated in resting conditions. However, to date, there has been little or no precise data about the expression of K + channels in freshly dispersed ICC. The present study showed that ML-133 depolarized ICC (current clamp mode, I = 0) and intact colonic muscles (Fig. 9) . SMC did not respond to ML-133 and PDGFRα + cells showed negligible transcripts of Kir2x (data not shown). Thus, a major conclusion of the present study is that basal activation of Kir2 channels in ICC regulates RMP in colonic smooth muscles.
Previous studies have suggested a role for Kir2 channels in regulating membrane potentials in murine colon (Koh et al. 1998b) , canine colon (Flynn et al. 1999 ) and human stomach (Lee et al. 2015) . All of these experiments used low concentration (1-100 μM) Ba 2+ in tissues and patch clamp experiments. In canine colon, the application of Ba 2+ induced depolarization in colonic muscles and cells identified as colonic ICC displayed a Ba 2+ -sensitive inwardly rectifying K + conductance (Flynn et al. 1999 ). Kir2.1 transcripts were expressed in greater abundance in tissue near the submucosal border of the circular muscle layer (i.e. an area rich in ICC) than in the bulk of the circular muscle. These finding suggested that the RMPs of colonic muscles depend, in part, on a Ba 2+ -sensitive conductance, possibly expressed in ICC. The study was not precise in its analysis of cell-specific expression of Kir gene transcripts because it was not possible at the time to sort and purify populations of ICC and identification of ICC was based on morphology rather than expression of cell-specific antigens or a reporter. Cultured ICC from murine small intestine also displayed Ba 2+ -sensitive, inwardly rectifying K + currents. These cells were depolarized by Ba 2+ (50 μM), suggesting that a Ba 2+ -sensitive conductance contributes to RMP in networks of cultured ICC (Koh et al. 1998b) . Of concern in the present study is that the phenotypes of ICC can change in culture (Zhu et al. 2009 ). More recently, Ba 2+ was shown to depolarize human gastric corpus smooth muscles and KCNJ2 (Kir2.1) was found to be expressed in these tissues (Lee et al. 2015) . However, Ba 2+ -sensitive, Kir-like conductances were not resolved in myocytes isolated from human gastric corpus. Our observations in the murine colon also provide evidence that SMC are not responsible for the Ba 2+ -sensitive conductance in GI muscles. Previous studies have suggested the importance of Kir conductances in regulating the RMP and excitability of GI muscles, and the present study reveals the cells responsible for this conductance in the SIP syncytium.
In the present study, we found that the functional expression of Kir was probably a result of the expression of Kir2 genes. The reversal potential Kir-like currents followed E K as [K + ] o was changed and the conductance was blocked by low concentrations of Ba 2+ and ML-133. Molecular candidates, as determined by gene transcripts of purified ICC, were Kcnj2, Kcnj4 and Kcnj14. Kir subunits form into tetrameric channels and previous studies have provided evidence of heteromerization of Kir2 channels (Preisig-Muller et al. 2002) . Kir2 channels have different sensitivities to Ba 2+ depending upon the make-up of the heteromulitimers (Liu et al. 2001; Lopatin & Nichols, 2001; Preisig-Muller et al. 2002; Schram et al. 2002) . In the present study, Ba 2+ (10 μM and 100 μM) caused 55% and 80% blockade of Kir currents at −80 mV, respectively. In a previous study regarding Ba 2+ sensitivity between native cardiac Kir channels (I K1 ) and homo-and heteromeric Kir2 channels in Xenopus oocytes, homomeric expression of Kir2.1 and Kir2.3 produced relatively less sensitivity of Ba 2+ (IC 50 at −120 mV; 16-18 μM) compared to native cardiac I K1 (IC 50 at −120 mV; 5 μM). However, co-injected Kir2.1/2.2, Kir2.1/2.3 and Kir2.2/2.3 showed the similar IC 50 of 4.5, 2.5 and 2.3 μM at -120 mV, respectively (Schram et al. 2003) . Because Ba 2+ is not a specific blocker of Kir2, we also tested another Kir2 blocker, ML-133, which is reported to be more specific for Kir2 currents (Wang et al. 2011) . The concentration range for ML-133 used in the experiments on cells and tissues was 10-30 μM Sonkusare et al. 2016 ) and 30 μM inhibited Kir2 currents by 80%. In our experiments, a significant blockade of the inwardly rectifying current in ICC was accomplished by 10 and 30 μM of ML-133 and this caused the significant depolarization of cells in intact muscles. Taken together, these observations suggest that the expression of Kir2 family genes results in functional channels in ICC.
Additional Kir channels (i.e. GIRK channels) have been reported to be expressed in colonic SMC (Bradley et al. 2000) . GIRK channels would tend to hyperpolarize tissues after by binding of agonists for G-protein-coupled receptors. For example, when ACh is released from enteric motor neurons and activates inward currents in the colon, GIRK channels might also be activated. This could be useful because GIRK channels could help sustain the phasic nature of the electrical and mechanical activities of colonic muscles by helping to maintain negative potentials between electrical slow waves (Koh et al. 2012 ). However, a functional role for GIRK channels has not been demonstrated in GI muscles and we were unable to resolve a conductance consistent with GIRK in colonic ICC in the present study.
K ATP channel genes are expressed in colonic smooth muscles and these channels may also participate in regulation of RMP in the SIP syncytium (Koh et al. 1998a) . K ATP openers, lemakalim or cromakalim hyperpolarized colonic smooth muscles and inhibited spontaneous contractile activity and these effects were blocked by GBC. Voltage clamp experiments on colonic SMC show that K ATP agonists activate K ATP currents and single channel recordings demonstrated that intracellular ADP rescued channel openings after run-down in excised patches (Koh et al. 1998a) . Based on the PCR data, a combination of Kir6.1/Kir6.2 and SUR2B transcripts resulted in functional K ATP channels in colonic SMC (Pluja et al. 1998; Koh et al. 1998a ). The expression of K ATP channels in cultured colonic ICC was also recently reported (Na et al. 2017) . K ATP channel agonists induced the hyperpolarization of cultured ICC and inhibition of spontaneous electrical rhythmicity under current clamp and these effects were reversed by GBC. Kir 6.1 and SUR2B were found to be expressed in the colonic ICC cultures. The present study, conducted on ICC freshly isolated from murine colon, failed to confirm the presence of functional K ATP channels in ICC, despite the expression of gene transcripts. A K ATP agonist did not activate current and a K ATP antagonist failed to block current induced by elevated [K + ] o . These studies again illustrate the need to use freshly dispersed and unequivocally identified ICC when attempting to understand the native electrophysiological phenotype of these cells .
In conclusion, the regulation of RMP and excitability of GI smooth muscles is complicated by the existence of three types of electrically coupled cells in the SIP syncytium. Because of the electrical coupling, activation of conductances in any of the three cell types can impact the excitability of the other cells. Previous studies have addressed the importance of Kir family ion channels in regulating membrane potentials in GI muscles and the significance of Kir2 and Kir6 channels has been supported. In the present study, we found that these channels are cell-specific. Kir6 gene transcripts are expressed in ICC, although the transcripts either fail to be translated or fail to reach the plasma membrane and form functional conductances. Kir2 channels are also expressed and form a functional conductance in ICC. Thus, Kir2 activation in ICC provides regulation of membrane potential and excitability in colonic muscles.
